Newmark sliding block approach has been extensively studied by many researchers in the past decades. Significant progress has been made to alleviate its deficiencies and overcome its simplifying assumptions, but some aspects such as the cyclic shear strength and time history vertical acceleration in the Newmark sliding displacement analysis are seldom considered strictly. In the presented research, a modified Newmark methodology for sliding deformation analysis of rock-fill dams subjected to strong earthquake is proposed. In order to make the seismic safety evaluation of dams more realistic, the influence of cyclic shear strength (earthquake-induced reduction of shear strength) and time history vertical acceleration obtained from the dynamic response analysis on the critical acceleration and accumulative sliding displacement of the flexible sliding body is considered. Detailed comparison between the proposed method and existing methods is performed via the analysis of two typical dams, that is, a virtual rock-fill dam with a height of 100 m which is assumed to be situated on rock formation and a real core rock-fill dam with a height of 150 m built on deep overburden layers. It is demonstrated that the cyclic shear strength and time history vertical acceleration within flexible sliding body, as highlighted in the proposed method, have significant effect on the seismic safety evaluation, critical acceleration, and accumulation of sliding deformation of rock-fill dams subjected to strong earthquake loading. e existing approaches tend to provide unconservative evaluation on the consequences of earthquakes on rock-fill dams.
Introduction
Nowadays, the evaluation on the seismic performance of rock-fill dams and Earth slopes subjected to strong earthquakes is performed utilizing not only the traditional forceoriented factor of safety, but also the magnitude of the accumulative earthquake-induced sliding displacement [1] [2] [3] . A strict and simple prediction of earthquake-induced sliding displacement can directly show the potential consequences of earthquakes on rock-fill dams. In 1965, an original procedure for the prediction of earthquake-induced sliding displacement was formulated by Newmark [4] . rough this research, it is revealed that irregular inertial force induced by earthquake acceleration could exert a driving force sufficient to reduce temporarily the factor of safety below one and then result in several sliding episodes during the shaking. As pointed out by Newmark, sliding episodes in earthquakes occur when the critical acceleration is exceeded and continues until the velocity of downward movement reduces to zero. So the accumulation of permanent sliding displacement (Newmark sliding displacement), with its magnitude equal to the summation of all downward movements during the shaking, could be a useful index to evaluate the stability of slopes during earthquakes.
In the early Newmark-type method, the flexible sliding body is modeled as a rigid block, and only two parameters are used, that is, the input ground motion and the critical acceleration (k y g, the horizontal acceleration that results in unit pseudostatic factor of safety). Due to its effectiveness and simplicity, the Newmark sliding rigid block approach has been extensively adopted and studied by many engineers and researchers in the past decades. Much great progress has been made to alleviate its limitations and overcome its simplifying assumptions; for example, the flexibility of the sliding mass is firstly considered instead of the assumption of rigid body by Makdisi and Seed [5] . However, the research on the influence of the cyclic shear strength (or dynamic pore pressure) and time history vertical acceleration on the critical acceleration and accumulation of sliding displacement is still limited. Meanwhile, the application of this approach for the seismic stability evaluation of high rock-fill dams with a height over 250 m or around 300 m is also limited. us, with the development of testing apparatus and technology for cyclic shear strength of rock-fill materials under cyclic loading, it is suggested that the seismic design and assessment of the effectiveness of mitigation measures for rock-fill dams subjected to earthquake be performed strictly based on the cyclic shear strength [6] [7] [8] [9] .
On the other hand, a theoretically reasonable and practically feasible method for prediction of earthquake-triggered sliding displacement is required necessarily for the seismic design and stability analysis for emerging high rock-fill dams.
erefore, special emphasis of this paper will be placed on the determination of critical acceleration of flexible sliding body based on the cyclic shear strength and time history vertical acceleration aiming at more realistic evaluation of earthquakeinduced sliding displacement of high rock-fill dams.
Cyclic Shear Strength of Rock-Fill Materials
e first aim of this study is to analyze the effect of cyclic shear strength on earthquake-induced sliding displacements using the modified Newmark method in order to improve the ability of predicting seismic stability of rock-fill dams. It must be noted that the liquefaction-induced instability has not been included in this paper. As we know, in the earthquake, instability occurs when the dynamic shear stresses required to maintain equilibrium of a soil deposit exceed the static shear strength of that deposit. en it will recombine the structure character of soil's particle until the new equilibrium can reach. e shear strength of soil in this new equilibrium will be regarded as cyclic shear strength. e cyclic shear strength is an important parameter in seismic design and stability analyses of rock-fill dams. For some typical rock-fill materials, such as fine sand, clay, and sand gravel, the significant cyclic loading induced by irregular strong earthquake usually leads to the obvious degeneration of the undrained shear strength [10, 11] . Some accidents of rock-fill dams occurred due to the decrease of cyclic shear strength.
e postcyclic undrained shear behavior of rock-fill materials under cyclic loading has been the focus in the past decades. Nowadays, some considerable advances of testing apparatus and technology for cyclic shear strength of rock-fill materials have been obtained; for example, the cyclic triaxial undrained compress tests and simple shear tests have been used extensively to study the cyclic shear strength of rock-fill materials. From the tests, it is shown that the cyclic undrained shear strength is often related to the confining pressure (σ 0 ′ ), failure number of cycles (N f ), and the failure strain criterion (5% or 10%). In general, the correlation of undrained cyclic shear strength (τ fs ), confining pressure, and cyclic shear stress (τ d ) acting on the failure surface can be formulated by (1) (2) (3) (4) (5) . In addition, it is noted that the lower value between the static shear strength and cyclic shear strength should be adopted in the seismic design and stability analysis of rock-fill dams.
Here, σ 1 ′ and σ 3 ′ are the major principle effective stress and minor principle effective stress, respectively; τ d is the cyclic shear stress; σ 0 ′ is the initial effective confining pressure with σ 0 ′ � (σ 1 ′ + σ 3 ′ )/2; τ 0 is the initial static shear stress with τ 0 � (σ 1 ′ − σ 3 ′ )/2; c r is the correction coefficient of cyclic shear strength; τ f0 and σ f ′ 0 are the initial shear stress and normal stress acting on the failure surface, respectively; (Δτ f ) n is the variation of cyclic shear strength at a given number of cycles; n is the number of cycles; ϕ ′ is the effective friction angle; and α is the initial shear stress ratio on the failure surface.
For the sake of simplicity and convenience in application, based on the available data of rock-fill materials obtained by the dynamic triaxial compress tests and by referring to the mode of Mohr-Coulomb principle, the cyclic shear strength can be represented by a simple equation, as (6) . en, the cyclic shear strength of rock-fill materials can be easily determined from the number of cycles, confining pressure, and shear stress ratio on the failure surface.
tan ϕ dα � tan ϕ d0 + βα.
Here, (τ fs0 ) α and tan ϕ dα are the equivalent cyclic cohesion and friction coefficient, respectively, which can be directly introduced into the modified Newmark sliding displacement analysis. Both of them are in proportion to the initial shear stress ratio on the failure surface, as in (7) and (8) . τ fs0 and tan ϕ d0 are the cyclic shear strength parameters as α equals zero, and ς and β are proportional coefficients.
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Based on the above mentioned description and formulations, the two main steps to obtain the cyclic shear strength are outlined as follows. First, the total shear strength under different confining pressures and consolidation ratios can be obtained from the cyclic triaxial undrained compress tests as shown in Table 1 . Second, the parameters of cyclic shear strength can be determined by linear approximation as shown in Table 2 .
In some occasions concerning practical rock-fill dam design, it would be convenient for the engineers to adopt directly the static undrained shear strength into the seismic design and stability analysis, if the difference between the cyclic shear strength and its static counterpart of rock-fill materials could be negligible. However, for some particular rock-fill dams, such as rock-fill dam with clay core, sand gravel dam, and rock-fill dam built on the saturated clay or sandy deposits, the impact of cyclic shear strength on the critical acceleration and accumulation of sliding displacement would be so significant that it must be carefully considered as the liquefaction does not occur. For this purpose, available data of dynamic triaxial tests on cyclic shear strength of rock-fill materials were analyzed and a correlation between cyclic shear strength and number of cycles was obtained and listed in Tables 3 and 4 .
Time History Vertical Acceleration
In the existing Newmark-type sliding displacement analysis, the vertical earthquake is usually neglected or considered oversimply in the determination of critical acceleration and accumulation of permanent sliding displacement. Possible effects of vertical earthquake loading on the stability of Earth structures have not been discussed in detail although it had attracted great attention as early as in the 1920s following the devastating Kanto Earthquake in Japan. Mononobe [12] found that a combination of horizontal and vertical accelerations led to severe damage of Earth retaining structures. Ling et al. [13] and Huang et al. [14] studied the effect of vertical acceleration on the critical acceleration and sliding displacement, in which the vertical acceleration was assumed to act constantly upwards or downwards and its value was taken as a fraction of the peak horizontal acceleration. e value of 2/3 was usually adopted as a reasonable ratio between vertical and horizontal acceleration based on the records of strong motion earthquake accelerations [15, 16] .
In addition, more and more results from numerical analyses and shaking table tests revealed that the direction and phase of vertical accelerations acting on the centroid of soil slice within the flexible sliding body vary from time to time and are different for different slices during the seismic excitation, as shown in Figure 1 . Consequently, it is necessary to study and clarify the influence of the distribution of time history vertical acceleration on critical acceleration and sliding displacement in order to better reflect the reality.
The Modified Newmark Methodogy
In the model we developed herein, the Bishop pseudostatic limit equilibrium method is used to determine the critical acceleration time history, factor of safety, and Table 3 : Parameters of the E-μ model and equivalent linear model. Advances in Civil Engineeringlocation of potential slip surface [17] [18] [19] .
e critical acceleration, which is still de ned as the amplitude of horizontal acceleration that drives the potential sliding body into a limit equilibrium state; that is, the factor of safety equals 1.0. Noticeably, in the proposed approach, the e ects of cyclic shear strength and time history vertical acceleration on the determination of the critical acceleration are considered strictly, with the detailed process shown as follows.
As shown in Figure 2 , the formulation of the pseudostatic limited equilibrium method by Bishop can be rewritten by taking into consideration the cyclic shear strength (τ fs ) and time history vertical acceleration (a vi ) as
where c ′ i and φ i ′ are the static e ective cohesion and friction angle, respectively; W i is the soil weight; u is the hydrostatic pore pressure; Q i is the horizontal inertial force obtained by (11) ; G i is the vertical inertial force caused by the time history vertical acceleration, with a positive sign indicating downward direction and vice versa; α i represents the inclination of slice as shown in Figure 1 ; c z is the reduction factor of horizontal inertial force, 0.25 is used in the present study; a hi is the distribution coe cient of horizontal inertial force along the dam height; k h,max is the amplitude of the horizontal acceleration coe cient; g is the acceleration of gravity; a vi is the time history vertical acceleration at the slice centroid obtained from dynamic response analysis; R i d and R are the vertical distances of the centroid from the center of the slip circle and the radius of slip circle, respectively; n, m, and p are the total number of soil slices, number of slices considering the e ect of cyclic shear strength, and number of slices where liquefaction occur, respectively; τ i fs is the mobilized cyclic shear strength; and c r is the residual strength of soil.
Let the factor of safety (F S ) be 1.0, (9) can be rearranged in terms of the peak value of horizontal acceleration coe cient (k h,max ), as Figure 1 : Distribution of vertical acceleration within the exible sliding body. Figure 2 : Diagram of forces acting on a soil slice.
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en, the coefficient of horizontal critical acceleration (k h,y ) can be determined by the ratio of the summation of horizontal inertial force to the total weight of sliding body, as
Compared to the traditional method, it can be seen that (13) and (14) are both closed-form solutions and can be used to directly determine the coefficient of horizontal critical acceleration (k h,y ) without any iterative process.
For the convenience of applications, the circular failure mechanism is used in this paper and several necessary transformations are performed. Considering the failure mechanism of circular slip surface, the components of driving angular acceleration (θ ave ) and the critical angular acceleration (θ y ) can be derived and expressed as
where R g is the distance between the centroid of sliding body and the center of the slip surface, respectively; y g and y c are the vertical coordinate of the slip surface centroid and the center of the slip surface, respectively; m i is the lump mass at node i; a h,i is the horizontal acceleration of node i determined by dynamic response analysis; and r is the number of nodes included in the slip surface. en the accumulation of angular sliding displacement (θ) can be obtained by the double integral of (18) .
where € θ(t) is the time history angular sliding acceleration.
Based on the abovementioned description and formulations, the step-by-step numerical procedure for the modified Newmark sliding displacement approach is outlined as follows:
(1) Determine the location of critical circular slip surface by (9), coupling with available optimized method (2) Conduct the dynamic response analysis and get time history vertical inertial force acting at the centroid of each soil slice by (12) (3) Determine the cyclic shear strength mobilized at the bottom of soil slices according to (6∼8), and get the horizontal critical acceleration of potential sliding body using (13) and (14) (4) Transform horizontal critical acceleration and driving acceleration into angular driving and critical acceleration using (17) and (18), respectively (5) Repeat steps (2), (3), and (4) until the end of earthquake shaking and determine the accumulation of sliding displacement using (20)
Verification and Application

Example 1.
A virtual core rock-fill dam with a height of 100 m is investigated. e cyclic shear strength for different number of cycles and the static shear strength are shown in Table 3 . e input acceleration time history in the horizontal direction and vertical direction is presented in Figure 3 . e amplitude of the acceleration is 0.283 g in the upstream-to-downstream direction, and 0.19 g in the vertical direction. e E-μ model and the equivalent linear analyses are performed to estimate the initial stress state and dynamic response of the dam [20] . e parameters used in static and dynamic analyses are listed in Table 5 . As shown in Figure 4 , the pseudostatic factor of safety and the location of the potential circular slip surface in the upstream dam slope are obtained by the Bishop limited equilibrium method.
e Newmark sliding displacement analyses are performed, respectively, by the presented method and the traditional method developed by Makdisi and Seed [5] . Since in the presented method, the two factors, that is, cyclic shear strength and time history vertical acceleration, are considered simultaneously and their effects are coupled. In order to clarify the effect of each factor, a contrast analysis is performed, where only the effect of cyclic shear strength is considered and that of the time history vertical acceleration is ignored.
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e coe cients of horizontal critical acceleration and accumulation of sliding displacement obtained by the three di erent analyses are listed in Table 6 . It is shown that the critical acceleration obtained by the modi ed method is remarkably lower than that obtained from the traditional method. e maximum di erence could reach 70%, as the cyclic shear strength and time history vertical acceleration are taken into consideration simultaneously. Consequently, the di erence in the accumulation of sliding displacement is also considerable. e amplitude of accumulation of sliding displacement obtained from the modi ed method considering the e ects of cyclic shear strength and time history vertical acceleration is nearly three times of that obtained from the traditional method. In addition, from Table 6 , it is clear that the accumulation of sliding displacement obtained from the contrast analysis is nearly two times of that from the traditional method, but the di erence of critical acceleration and factor of safety determined by the two methods is minor.
us, it is implied that the prediction of sliding displacement based on cyclic shear strength is important to evaluate the performance of rock-ll dams under strong earthquakes, even if the factor of safety determined based on both static shear strength and cyclic shear strength satis es the requirements of seismic design. Figure 5 provides the time history horizontal critical acceleration obtained from the three analyses. It is clear that the critical accelerations determined by the Makdisi and Seed method and the contrast analysis remain unchanged during the earthquake shaking. On the contrary, uctuation of critical acceleration time history obtained from the modi ed method can be observed and it is correlated with the input vertical acceleration time history. Furthermore, it is noted that the minimum critical acceleration obtained from the modi ed method is nearly 1/3 of that from the Makdisi and Seed method.
As shown in Figure 6 , the modi ed Newmark sliding displacement method gives the highest sliding displacement during the earthquake shaking. It can be observed that the accumulation of sliding displacement obtained by the traditional method stops growing at 10 seconds, whereas the growing trend stops at 15 seconds for the modi ed Newmark sliding displacement analysis. Compared with the traditional method, the times of sliding episodes and increment of sliding displacement in one sliding episode presented in the modi ed Newmark sliding displacement analyses are bigger because of the lower time history critical acceleration. It implies that the modi ed method predicts a sliding episode, whereas the traditional analysis predicts dam slope stability, as the value of driving acceleration lies between the two critical accelerations. In addition, from the engineering point of view, the accumulation of sliding displacement, which is regarded as a key index for the safety evaluation of high core rock-ll dams subjected to design earthquake, obtained by the traditional method tends to be unsafe as the e ects of cyclic strength and time history vertical acceleration on the critical acceleration are ignored.
Example 2.
e following is a practical core rock-ll dam of 150 m in height which will be built on deep overburden foundation. It is noted that the deep overburden layer of the dam site is thicker than 500 m and has a weak sand inclusion layer with a thickness of 20 m.
e maximum cross section and nite element mesh are provided in Figure 7 . e dam is mainly composed of core, shell, sand layer, and sandy gravel.
e simulation of lling and water storage is conducted by static analysis with the E-μ model, and the equivalent linear analyses are performed to obtain the response of acceleration and dynamic shear stress. As shown in Figure 7 , the pseudostatic factor of safety and the locations of the potential circular slip surfaces in the upstream and downstream dam slopes are obtained by the Bishop limited equilibrium method.
e parameters of static analysis, dynamic analysis, and cyclic shear strength of sand layer are presented in Tables 4 and 7 and obtained from the laboratory triaxial compression test. e design ground motions were selected based on in situ investigations. e acceleration time histories in the horizontal direction and vertical direction are plotted in Figures 8 and 9 , respectively, with amplitudes of 0.535 g and 0.36 g, respectively. In the time marching process of equivalent linear analyses, the duration of the earthquake excitation (40 seconds) is divided into 15 periods.
Based on the results obtained from the dynamic triaxial tests and dynamic response analysis, the distribution of ratio of cyclic shear strength to static shear strength (τ fs /(c ′ + σ f ′ 0 tan ϕ ′ )) for the sand layer and sand gravel is provided in Figure 10 . It is shown that the cyclic shear strength of most of the soil elements located in the sand 6 Advances in Civil Engineering layer and sand gravel layer is lower than the static shear strength, but it is noted that the liquefaction does not occur. e di erence between the static shear strength and cyclic shear strength is noticeable, and the maximum di erence at the toe of the upstream dam is around 50%. us, considering the great part of failure surface located in the sand layer and sand gravel layer as shown in Figure 7 , the impact of cyclic shear strength on the critical acceleration and sliding displacement should be considered.
e modi ed Newmark sliding displacement method is used to determine the time history driving acceleration, critical acceleration, and accumulation of sliding displacement, with the results shown in Figures 11-13 . Fluctuation of the critical acceleration time history can be observed because of that considering the e ect of time history vertical acceleration which is obtained from equivalent linear dynamic response analysis.
ere are, respectively, two and four obvious intersections between the angular critical acceleration and angular driving acceleration as shown in Figures 11  and 12 . It can be observed that the minimum of time history critical acceleration of slip surface in downstream dam slope which corresponds to factor of safety of 0.93 which is smaller than that of slip surface in upstream dam slope which corresponds to factor of safety of 0.88. Meanwhile, the time history driving acceleration of slip surface in the upstream dam slope is bigger than that of slip surface in downstream dam slope during the earthquake shaking. As shown in Figure 13 , the magnitudes of sliding displacements of slip surface in upstream dam slope and downstream dam slope are 34.0 cm and 5.5 cm, respectively. It is noted that the increment of sliding displacement of slip surface in upstream dam slope occurred in the rst sliding episode is about 32 cm and makes an o er of 95% of total accumulation of sliding displacement.
is can be contributed to the remarkable di erence of driving acceleration and critical acceleration for the reason that the e ects of cyclic shear strength, time Advances in Civil Engineeringhistory vertical acceleration, and location of exible sliding body. Consequently, it is justi ed that the e ects of cyclic shear strength and time history vertical acceleration on the critical acceleration and sliding displacement for exible sliding body are considerable, especially to the foundation of the rock-ll dams with a weak sand layer.
Conclusions
A modi ed Newmark-type methodology for sliding deformation analysis of rock-ll dams subjected to strong earthquake is developed. e e ects of cyclic shear strength and time history vertical acceleration on the sliding displacement are considered in detail. Based on detailed comparisons between the proposed method and traditional method (Makdisi and Seed's method), it can be seen that the e ect of earthquake-induced reduction of shear strength (cyclic shear strength) and time history vertical acceleration on the critical acceleration and sliding displacement is remarkable. On the other hand, the necessity and feasibility of the proposed method is also veri ed by the application to the analysis of a real core rock-ll dam which will be built on deep overburden foundation with weak sand layer. It is shown that the cyclic shear strength is generally lower than the static shear strength in the weak sand layer as the liquefaction does not occur during a strong earthquake shaking and the time history vertical acceleration can play an important role in the dam stability evaluation based on the Newmark-type sliding displacement analysis.
As it is known that reliable and convenient prediction of earthquake-induced sliding displacement is crucial for the seismic design of rock-ll dams, it is shown from the numerical examples that there is noticeable di erence between the displacement obtained by taking into account the e ect of cyclic shear strength and time history vertical acceleration and the displacement obtained by the traditional Newmark (1) When the liquefaction-induced damage does not occur, as the cyclic shear strength is signi cantly lower than the static shear strength for rock-ll materials and weak sand layer, the analysis presented herein predicts a general failure of dam slope, whereas the traditional Newmark-type analysis would predict dam slope stability.
(2) In the high rock-ll dams, the time history of vertical acceleration in the exible sliding body can play an important role in the Newmark-type sliding displacement analysis, and the traditional method could provide unsafe prediction of seismic stability of rockll dams.
In a word, the proposed methodology for sliding displacement analysis of rock-ll dams as the liquefaction would not occur leads to more realistic evaluation of the permanent displacement, and it provides a promising alternative to routine seismic design and evaluation of the mitigation measures for high rock-ll dam with a high level of con dence.
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